In the present work, Cu-Pb-Sn and Q235 laminated composite were fabricated by a horizontal semisolid rolling procedure. The interfacial structure, elemental distribution, and properties of the composite were investigated. Finite-element simulation was conducted to analyze the temperature field and solidification process during the semisolid rolling. An appropriate semi-solid region was observed at a pouring temperature of 1598 K in the simulation, which would effectively kept fluidity and avoided casting defects. The experimental results showed that good interface between Cu-Pb-Sn alloy and Q235 steel was achieved by the proposed process at 1598 K, without casting defects or excessive deformation. The Cu and Fe alloys were bonded mainly by the diffusion of Fe into Cu matrix, and a handful of microscopic Pb-rich layer. Fine Pb-rich precipitates were uniformly distributed in the Cu-Pb-Sn alloy, and were considered to be advantageous to the self-lubrication property. The average tensile-shear strength of the interface was higher than 57.68 MPa at a pouring temperature of 1598 K, which fulfilled the requirements for a further extrusion process.
Introduction
Bimetallic laminated materials have received a lot of attention as a result of their excellent properties [1] [2] [3] [4] [5] [6] . Better performance is acquired by the combination of advantages from the component materials. They could be potentially applied in military, automobile, and aerospace industries, to replace some traditional materials. For example, a laminated composite made of Cu and Fe alloys is an ideal material for the bearing bush of an automobile engine. The steel provides the necessary mechanical properties of strength and hardness while the Cu-Pb alloy layer enhances the thermal conductivity and, particularly, abrasion resistance at the surface of the composite. By cladding Cu-Pb alloy onto the steel surface, the composite possesses good comprehensive properties derived from both of them.
Several methods have been used for the fabrication of Cu/Fe laminated materials, such as diffusion bonding [7] , rolling bonding [8, 9] , welding [10] , and explosive welding [11] , etc. But the improvement is still needed due to low efficiency and the high cost of existing technologies. A good metallurgical bonding at the interface is generally required for laminated materials, which is assured by inter-solubility between the two constituents [12] . However, there is a very low inter-solubility between Cu and Fe alloys in their solid and even in the liquid condition. The Cu-Fe binary alloy is a peritectic system [13] , it displays a thermodynamic tendency toward the formation of a miscibility gap [14, 15] . When passing through this gap during solidification, the original Cu-Fe liquid decomposes into two distinct immiscible liquids, the Cu-rich phase and Fe-rich phase. They separate and then solidify respectively with the temperature drops. In this case, it is very difficult to achieve a metallurgical bonding between Cu and Fe alloys. The bonding procedure of the Cu/Fe laminated composite remains an enormous challenge.
Another difficulty in the fabrication process is the control of microstructure evolution of the cladding Cu-Pb alloy. The binary Cu-Pb alloy is a typically monotectic alloy, there is also a miscibility gap in the binary Cu-Pb phase diagram. A single Cu-Pb liquid divides into primary Cu phase and Pb-rich liquid when it enters into this gap during the solidification [16, 17] . Due to the great discrepancy in the density and melting temperature between Cu and Pb, severe macro-segregation and elemental layering easily happen under the conventional solidification condition. In general, Cu-Pb alloy with homogeneous structure or fibrous arrangement of Pb-rich phases is regarded as a good wear-resistant material [18, 19] . In order to improve the alloy self-lubrication and thermostable performance, it is of great importance to achieve uniform microstructure of Cu-Pb-Sn alloy with fine Pb-rich precipitates.
Among the preparation technologies of the Cu/Fe laminated materials, semisolid rolling is an appropriate way for the widespread use. Mechanical pressure introduced by rolling process is beneficial for the bonding between Cu and Fe alloys, while cold rollers contribute to uniform and fine grain structure of Cu-Pb-Sn alloy by increasing the cooling rate. This method provides a beneficial exploration for further continuous production of Cu/Fe laminated materials [20, 21] .
In this paper, the Cu-12Pb-2Sn alloy and Q235 steel laminated composite was prepared by an optimized horizontal semisolid rolling technology. During the process, Cu-Pb-Sn alloy liquid was poured onto the surface of a preheated Q235 steel plate, and then the laminated composite went through the roller for the bonding. The main purpose of this study was to investigate the evolution of interfacial structure, and to fabricate the Cu-Pb-Sn/Q235 laminated composite with good bonding and uniform solidification structure. Microstructure, compositional distribution, and tensile-shear strength of the interfacial region were also investigated to analyze the bonding mechanism of Cu and Fe alloys.
Experimental Procedures

Materials and Pretreatment
The Cu-Pb-Sn alloy used in the present study was prepared by commercially pure Cu (99.8%), Pb (99.99%) and Sn (99.9%). The commercial Q235 steel sheet of 3 mm thickness (Dalian Lvsang Industry Co. Ltd., Dalian, China) was used as the base material. Their chemical compositions are listed in Table 1 , all the compositions quoted are in wt.% unless otherwise stated. The processing procedures consist of surface treatment, preheating, melting and semisolid rolling as shown in Figure 1 . The pretreatments of the steel plate are necessary before bonding. Grinding and polishing were carried out to remove the oxides and degrease the surface. Then the plate was moved into a furnace immediately, and preheated at 573 K for 5 min with Ar gas protection to avoid surface oxidation. 
Semisolid Rolling Fabrication
The laminated composite was prepared by a horizontal semisolid rolling process. First, the Cu12Pb-2Sn alloy was melted in an induction heating coil at about 1673 K. The melting point of Pb and Sn is 600.5 K and 504.9 K, respectively, which is much lower than the alloy melting temperature. Therefore, the alloy liquid was held for only 5 min to avoid the melting loss of Pb and Sn. At the same time, Q235 steel plate (150 mm × 120 mm × 3 mm) was taken from the furnace and placed in the middle of two rollers. Then the Cu-Pb-Sn liquid was poured onto the plate at desired temperature. The pouring system was improved by designing short runners, which reduced the temperature fluctuations. The pouring gate was designed as a rectangle (80 mm × 3 mm) to obtain uniform temperature distribution and rapid spreading of Cu-Pb-Sn liquid. The solidification started as soon as the liquid spread over the plate, through getting into the semisolid state. The composite plate went through the roller under this condition. The Cu and Fe alloys were bonded under mechanical pressure introduced by the rollers, and the cladding Cu-Pb-Sn alloy was rapidly solidified under the cooling influence. The roller spacing and the diameter of the roll wheel were 6 mm and 250 mm, respectively. The experiments were performed at the rolling speed of 3 rad/min. Different pouring temperatures (1573-1623 K) were used to investigate the appropriate technological parameters.
Microstructure and Mechanical Properties
After preparation, the laminated composite was cross-cut, then ground and polished for microscopic observation. The interfacial microstructure was investigated by an MEF-4A optical microscope (Leica Microsystems GmbH, Wetzlar, Germany), the phase composition, line element and mapping analysis were confirmed by electron probe microanalyzer (EPMA) JXA-8530F Plus (JEOL, Tokyo, Japan).
In order to evaluate the interfacial strength, the specimens were cut from the laminated material and prepared for tensile-shear test. The tests were performed at room temperature, using a DNS100 universal testing machine(Changchun Research institute for Mechanical Science Co, Ltd., Changchun, China) at a velocity of 1 mm·min −1 .
Finite-Element Simulation
Finite-element simulation was conducted using the commercial finite-element analysis package ANSYS Workbench (ANSYS15.0, Ansys, Inc., Canonsburg, PA, USA) to analyze the temperature field and solidification process during the rolling process. The commercial modeling software Solidworks (SOLIDWORKS Premium 2017, Dassault Systèmes SOLIDWORKS Corp., Concord, PA, USA) was used to produce a model of the size consistent with the experiment. Figure 2a 
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Finite-element simulation was conducted using the commercial finite-element analysis package ANSYS Workbench (ANSYS15.0, Ansys Inc., Canonsburg, PA, USA) to analyze the temperature field and solidification process during the rolling process. The commercial modeling software Solidworks (SOLIDWORKS Premium 2017, Dassault Systèmes SOLIDWORKS Corp., Concord, PA, USA) was used to produce a model of the size consistent with the experiment. Figure 2a In order to simplify the calculation, the axial symmetry model was used, and the following assumptions were made:
(1) The molten Cu-Pb-Sn alloy behaves as an incompressible fluid; (2) The effect of the liquid surface fluctuation in the fluid flow is negligible; (3) The interface reaction between Cu-Pb-Sn alloy and Q235 is negligible; (4) There is no diffusion in the solid phase.
The boundary conditions including inlet boundary, outlet boundary, the entering and remaining parts of the composite plates are described in this calculation. For the inlet boundary, the velocity and temperature boundary conditions were used in this region. The velocity value was calculated based on the rolling velocity, and the temperature value was the casting temperature. For the outlet boundary, the velocity boundary condition was used as the outlet boundary. The velocity value was calculated based on the rolling velocity together with the length of the inlet and outlet. The boundary conditions of the part that came into contact with the roller wheel include the velocity and thermal convection boundary conditions in this region. The velocity value was calculated based on the rolling velocity, and the value of heat transfer coefficient between Cu-Pb-Sn alloy, Q235 steel and the wheel was determined by an inverse method. The velocity and thermal convection boundary conditions were used for the boundary conditions of the remaining parts. The velocity value was calculated based on the rolling velocity, and the value of heat transfer coefficient was the convection exchange coefficient of air. Figure 3 shows the longitudinal macrostructures of the Cu/Fe laminated composites obtained at different pouring temperature after surface milling. A straight interface was obtained at a pouring temperature of 1573 K (Figure 3a) . At a lower pouring temperature, the Cu-Pb-Sn liquid was easily solidified, a good fluidity before passing though the rollers is difficult to maintain. Thus, some cavity defects appear near the interface as indicated by the arrows. When the pouring temperature increased to 1598 K, the Cu-Pb-Sn liquid was successfully combined onto the Q235 plate due to better fluidity and sufficient feeding through the rolling process. A good interface bond, as well as a flat surface was obtained under this condition (Figure 3b ). It is noted that the laminated plate exhibited a slight warpage at both 1573 K and 1598 K, which can be attributed to the differential deformation between the Cu-Pb-Sn and Q235 layers during rolling. With further increase to 1623 K, a severe deformation was observed, as marked in Figure 3c . When the Cu-Pb-Sn liquid spread out on the Q235 plate, and passed through the rollers, heat transfer occurred between the Cu/Fe layers and between the composite and the rollers, respectively. Higher pouring temperature resulted in insufficient heat transfer at the Cu-Pb-Sn side, thus a large deformation took place in the Cu-Pb-Sn layer, leading to a warped-up deformation defect of the laminated composite. In order to simplify the calculation, the axial symmetry model was used, and the following assumptions were made:
Results and Discussion
Interfacial Structure
The boundary conditions including inlet boundary, outlet boundary, the entering and remaining parts of the composite plates are described in this calculation. For the inlet boundary, the velocity and temperature boundary conditions were used in this region. The velocity value was calculated based on the rolling velocity, and the temperature value was the casting temperature. For the outlet boundary, the velocity boundary condition was used as the outlet boundary. The velocity value was calculated based on the rolling velocity together with the length of the inlet and outlet. The boundary conditions of the part that came into contact with the roller wheel include the velocity and thermal convection boundary conditions in this region. The velocity value was calculated based on the rolling velocity, and the value of heat transfer coefficient between Cu-Pb-Sn alloy, Q235 steel and the wheel was determined by an inverse method. The velocity and thermal convection boundary conditions were used for the boundary conditions of the remaining parts. The velocity value was calculated based on the rolling velocity, and the value of heat transfer coefficient was the convection exchange coefficient of air. Figure 3 shows the longitudinal macrostructures of the Cu/Fe laminated composites obtained at different pouring temperature after surface milling. A straight interface was obtained at a pouring temperature of 1573 K (Figure 3a) . At a lower pouring temperature, the Cu-Pb-Sn liquid was easily solidified, a good fluidity before passing though the rollers is difficult to maintain. Thus, some cavity defects appear near the interface as indicated by the arrows. When the pouring temperature increased to 1598 K, the Cu-Pb-Sn liquid was successfully combined onto the Q235 plate due to better fluidity and sufficient feeding through the rolling process. A good interface bond, as well as a flat surface was obtained under this condition (Figure 3b ). It is noted that the laminated plate exhibited a slight warpage at both 1573 K and 1598 K, which can be attributed to the differential deformation between the Cu-Pb-Sn and Q235 layers during rolling. With further increase to 1623 K, a severe deformation was observed, as marked in Figure 3c . When the Cu-Pb-Sn liquid spread out on the Q235 plate, and passed through the rollers, heat transfer occurred between the Cu/Fe layers and between the composite and the rollers, respectively. Higher pouring temperature resulted in insufficient heat transfer at the Cu-Pb-Sn side, thus a large deformation took place in the Cu-Pb-Sn layer, leading to a warped-up deformation defect of the laminated composite. Figure 4 shows the microstructures of composite at the interface and within the Cu-Pb-Sn side. At a pouring temperature of 1573K (Figure 4a ), the micro interface between the Cu-Pb-Sn alloy and Q235 was straight, with hardly any micro casting defects, such as cavities, cracks or excessive reaction. The fine precipitates of the Pb-rich phase on the Cu-Pb-Sn side were uniformly distributed. As the microstructure was presented without etching, no precipitates were found on the Q235 side. Inside the Cu-Pb-Sn layer (Figure 4d ), the Pb-rich phases also presented in small particle shape. Owing to the cooling effect of rollers and the high thermal conductivity itself, the cladding Cu-Pb-Sn alloy was solidified rapidly, resulting in the insufficient growth of Pb-rich precipitates. At pouring temperature 1598 K, the interfacial micro-morphology was still straight. The Pb-rich precipitates both near the interface (Figure 4b ) and inside the Cu-Pb-Sn layer (Figure 4e ) grew larger due to higher pouring temperature. With the pouring temperature further increased to 1623 K, some large cracks were found on the Q235 side (Figure 4c ). The immediate cause is clearly the high temperature of Cu-Pb-Sn liquid, which triggered heat cracks at the surface of Q235 plate. A large deformation occurred during the rolling process, facilitating the growth of cracks. Then, the Cu-PbSn liquid naturally diffused into the cracks under the rolling pressure. In addition, the size of Pb-rich phase increased with the increasing pouring temperature (Figure 4c,f) . Figure 4 shows the microstructures of composite at the interface and within the Cu-Pb-Sn side. At a pouring temperature of 1573K (Figure 4a ), the micro interface between the Cu-Pb-Sn alloy and Q235 was straight, with hardly any micro casting defects, such as cavities, cracks or excessive reaction. The fine precipitates of the Pb-rich phase on the Cu-Pb-Sn side were uniformly distributed. As the microstructure was presented without etching, no precipitates were found on the Q235 side. Inside the Cu-Pb-Sn layer (Figure 4d ), the Pb-rich phases also presented in small particle shape. Owing to the cooling effect of rollers and the high thermal conductivity itself, the cladding Cu-Pb-Sn alloy was solidified rapidly, resulting in the insufficient growth of Pb-rich precipitates. Figure 4 shows the microstructures of composite at the interface and within the Cu-Pb-Sn side. At a pouring temperature of 1573K (Figure 4a ), the micro interface between the Cu-Pb-Sn alloy and Q235 was straight, with hardly any micro casting defects, such as cavities, cracks or excessive reaction. The fine precipitates of the Pb-rich phase on the Cu-Pb-Sn side were uniformly distributed. As the microstructure was presented without etching, no precipitates were found on the Q235 side. Inside the Cu-Pb-Sn layer (Figure 4d ), the Pb-rich phases also presented in small particle shape. Owing to the cooling effect of rollers and the high thermal conductivity itself, the cladding Cu-Pb-Sn alloy was solidified rapidly, resulting in the insufficient growth of Pb-rich precipitates. At pouring temperature 1598 K, the interfacial micro-morphology was still straight. The Pb-rich precipitates both near the interface (Figure 4b ) and inside the Cu-Pb-Sn layer (Figure 4e ) grew larger due to higher pouring temperature. With the pouring temperature further increased to 1623 K, some large cracks were found on the Q235 side (Figure 4c ). The immediate cause is clearly the high temperature of Cu-Pb-Sn liquid, which triggered heat cracks at the surface of Q235 plate. A large deformation occurred during the rolling process, facilitating the growth of cracks. Then, the Cu-PbSn liquid naturally diffused into the cracks under the rolling pressure. In addition, the size of Pb-rich phase increased with the increasing pouring temperature (Figure 4c,f) . At pouring temperature 1598 K, the interfacial micro-morphology was still straight. The Pb-rich precipitates both near the interface (Figure 4b ) and inside the Cu-Pb-Sn layer (Figure 4e ) grew larger due to higher pouring temperature. With the pouring temperature further increased to 1623 K, some large cracks were found on the Q235 side (Figure 4c ). The immediate cause is clearly the high temperature of Cu-Pb-Sn liquid, which triggered heat cracks at the surface of Q235 plate. A large deformation occurred during the rolling process, facilitating the growth of cracks. Then, the Cu-Pb-Sn liquid naturally diffused into the cracks under the rolling pressure. In addition, the size of Pb-rich phase increased with the increasing pouring temperature (Figure 4c,f) .
Results and Discussion
Interfacial Structure
In order to study the element diffusion near the interface, line scanning analysis by EPMA was carried out at the position marked in Figure 4b . Figure 5 shows the content variations of the Cu, Fe, Pb, Sn, and O elements along this line. The contents of Pb and O elements were low on both sides. The undetectable O element revealed that the oxidation had not formed at the interface of Q235 plate during the fabrication process. As for the Pb, it formed Pb-rich precipitates in Cu based alloy and did not diffuse into the Q235 matrix.
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Further analysis demonstrated that the interfacial microstructures were not entirely uniform. Not all the interfaces appeared as shown in Figure 4 . A few dark layers were also found between CuPb-Sn and Q235, especially at the fringe areas of the composite plate, as shown in Figure 6 . At a different pouring temperature, the average width of this layer was 38.3 μm (1573 K), 18.7 μm (1598 K), and 10.1 μm (1623 K), respectively. Its width decreased with increased temperature.
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Further analysis demonstrated that the interfacial microstructures were not entirely uniform. Not all the interfaces appeared as shown in Figure 4 . A few dark layers were also found between Cu-Pb-Sn and Q235, especially at the fringe areas of the composite plate, as shown in Figure 6 . At a different pouring temperature, the average width of this layer was 38.3 µm (1573 K), 18.7 µm (1598 K), and 10.1 µm (1623 K), respectively. Its width decreased with increased temperature.
The line scanning analysis was conducted at their interfaces as marked by red lines in Figure 6a -c. The results in Figure 6d -f displayed that this layer was mainly formed by Pb-rich phase, connecting both Cu-Pb-Sn and Q235 layers. On the Cu-Pb-Sn side, a transition layer with average thickness 7 µm can be observed between Cu-Pb-Sn and Pb-rich layers. Since the primary Cu and Pb-rich phase were continuously divided from the Cu-Pb-Sn liquid during the cladding process, and solidified rapidly when passing through the rollers. The Cu-and Pb-rich phases could not separate completely under this condition, thus an inter-diffusion layer formed between Cu-Pb-Sn alloy and Pb-rich layer. A similar transition layer could be found on the Q235 side between Q235 and Pb-rich layers, which was gradual and wide, indicating the existent of the inter-diffusion between Pb and Fe. Hence, the Pb-rich layer is a compatible transition region between the Cu-Pb-Sn and Q235 layers. The mapping analysis was carried out for this Pb-rich layer (1573 K) as marked in Figure 6a . It is seen from the backscattered electron image (BEI, Figure 7a ) and secondary electron image (SEI, Figure 7b ) that the interfaces between the Cu-Pb-Sn alloy, Pb-rich, and Q235 layers were not regular. A large amount of cavities were found within the Pb-rich layer, which were probably caused by the abrasive and oxide particles during the grinding and polishing process, as Pb is very soft. Figure 7c f showed the distribution of elements Cu, Fe, Pb, and O. There was a clear distinction among different layers, as well as a slight gradual diffusion layer near the interface. In Figure 7d , a gradual change of the Fe element was seen between the Pb-rich and Q235 layers, indicating an inter-diffusion region between Pb and Fe, which corresponds with the line scanning in Figure 6 . Some Fe was even detected at the boundary of the Cu side that agrees with the diffusion of Fe into the Cu matrix ( Figure 5 ). The mapping analysis was carried out for this Pb-rich layer (1573 K) as marked in Figure 6a . It is seen from the backscattered electron image (BEI, Figure 7a ) and secondary electron image (SEI, Figure 7b ) that the interfaces between the Cu-Pb-Sn alloy, Pb-rich, and Q235 layers were not regular. A large amount of cavities were found within the Pb-rich layer, which were probably caused by the abrasive and oxide particles during the grinding and polishing process, as Pb is very soft. Figure 7c -f showed the distribution of elements Cu, Fe, Pb, and O. There was a clear distinction among different layers, as well as a slight gradual diffusion layer near the interface. In Figure 7d , a gradual change of the Fe element was seen between the Pb-rich and Q235 layers, indicating an inter-diffusion region between Pb and Fe, which corresponds with the line scanning in Figure 6 . Some Fe was even detected at the boundary of the Cu side that agrees with the diffusion of Fe into the Cu matrix ( Figure 5 ).
It is interesting that some Cu rich regions were found between the Pb-rich and Q235 layers, which could be attributed to the solidification path of Cu-Pb-Sn alloys. Based on the equilibrium phase diagram of Cu-Pb binary alloy, the solidification path of Cu-12Pb-2Sn is as follow: primary Cu starts to crystallize when the temperature is below 1323 K by the isomorphous reaction L→α(Cu) + L 2 . With the temperature drop to 1228 K, monotectic reaction L 1 →α(Cu) + L 2 occurs. Then the eutectic reaction takes place at 872 K to form eutectic Cu and Pb through L 2 →Cu + Pb. For the fabrication process in this study, when the Cu-Pb-Sn alloy liquid poured onto the Q235 plate, the temperature of the liquid soon decreased due to the high thermal conductivity of the Cu-Pb-Sn alloy and the huge temperature difference between the liquid (1573 K) and preheated plate (573 K). With the contacting temperature dropped below 1323 K, the liquid at the interface started to solidify, leading to the formation of a primary Cu phase near the Q235 side. While the Pb-rich liquid was divided from Cu-Pb-Sn alloy, it easily entered into the gap between the Cu-Pb-Sn liquid and Q235 plate, forming the Pb-rich layer. When the composite plate went through the rollers, the liquid solidified rapidly under the cold rollers. Thus, with decreasing pouring temperature, the Pb-rich liquid L 1 and L 2 were easier to squeeze out, and the width of Pb-rich layer increased.
The distribution of O element in Figure 7f demonstrates the presence of some oxides on the cross section within the Pb layer rather than at the interface between different layers. It may be oxide particles from the liquid polishing agent, caught in the cavities on the surface of the Pb-rich layer. Results also revealed that no oxidation on the surface of the Q235 formed during the preparation process, as no oxide layer was found near the interface. Figure 5 ). 
Interfacial Property
The tensile test is an efficient approach to examine the interface strength. Three samples for each experimental condition were selected to evaluate the strength of the interface bonding. Figure 8a presents the schematic drawing of the tensile-shear specimen. The specimens were cut from the longitude section of the composite plate, and the tensile direction was parallel to the rolling direction. The shear strength τ can be calculated by the following equation:
where F is the applied force, and A is the impact area (10 × 10 mm 2 in this study). The failed sample after the test is shown in Figure 8b . The results indicate that all the laminated composite specimens failed at the Cu-Pb-Sn alloy side, while the interface remained in a good condition. It can be considered that the tensile-shear strength of the interface is higher than that of the cladding Cu-Pb-Sn alloy, the failure occurred when the ultimate tensile strength of the Cu-Pb-Sn alloy was reached during the tensile test. On one hand, near the interface during the tensile-shear strength test, the crack first took place at the Pb-rich precipitates/layers due to its low strength, and then tended to grow and spread into the softer Cu-Pb-Sn side. On the other hand, due to the eutectic reaction and inter diffusion, the bond strengthening between the layers was higher than the strength of Cu-Pb-Sn alloy. Thus, all the specimens failed in the Cu-Pb-Sn alloy side. 
Finite-Element Simulation
In order to investigate the relationship between the pouring temperature of Cu-Pb-Sn alloy and the combination, a comprehensive mathematical model was developed to describe the solidification process. Figure 9 shows the calculation result of the temperature field and solid fraction profiles during the rolling fabricating process. It is clear from the results that the pouring temperature of the Cu-Pb-Sn alloy has a profound influence on the distribution of temperature. When the Cu-Pb-Sn alloy was poured at 1573 K, the temperature of Cu-Pb-Sn alloy soon decreased after spreading out on the Q235 plate (preheated at 773 K), it further reduced below approximate 1223 K before the composite got into the rollers. At this time, the primary Cu in the liquid had already crystallized by the isomorphous reaction at 1323 K and the monotectic reaction at 1228 K. The Pb-rich liquid, another resultant of these two reactions, was squeezed out by the growth of primary Cu dendrites. Then they were fast solidified when the composite plate got through the rollers. During the eutectic reaction at 872 K, the Cu and Pb grew separately and finally completely solidified, forming fine Pb-rich precipitates in the matrix.
However, due to the temperature nonuniformity at the fringe areas, the Pb-rich liquid could enter into the gap between the solid Cu and Q235 plate before through the rolling. It was solidified there to form the Pb-rich layer between Cu-Pb-Sn alloy and Q235 during the rolling process. The liquid with lower temperature always contains higher content of Pb, thus the Cu-Pb-Sn/Q235 laminated composite at pouring temperature of 1523 K possessed a thicker Pb-rich layer of 38.3 μm, and the thickness decreased gradually by increasing the pouring temperature.
At 1598 K, the contacting temperature between Cu-Pb-Sn alloy and Q235 increased, the covering Cu-Pb-Sn alloy remained in a semi-solid state at the beginning of rolling. This temperature provided Figure 3a ) and 1623 K (cracks, as shown in Figure 4c ) may cause the degradation of tensile shear strength. Thus, the Cu-Pb-Sn/Q235 laminated composite obtained at 1598 K shows the highest tensile-shear strength.
In order to investigate the relationship between the pouring temperature of Cu-Pb-Sn alloy and the combination, a comprehensive mathematical model was developed to describe the solidification process. Figure 9 shows the calculation result of the temperature field and solid fraction profiles during the rolling fabricating process. It is clear from the results that the pouring temperature of the Cu-Pb-Sn alloy has a profound influence on the distribution of temperature. 
However, due to the temperature nonuniformity at the fringe areas, the Pb-rich liquid could When the Cu-Pb-Sn alloy was poured at 1573 K, the temperature of Cu-Pb-Sn alloy soon decreased after spreading out on the Q235 plate (preheated at 773 K), it further reduced below approximate 1223 K before the composite got into the rollers. At this time, the primary Cu in the liquid had already crystallized by the isomorphous reaction at 1323 K and the monotectic reaction at 1228 K. The Pb-rich liquid, another resultant of these two reactions, was squeezed out by the growth of primary Cu dendrites. Then they were fast solidified when the composite plate got through the rollers. During the eutectic reaction at 872 K, the Cu and Pb grew separately and finally completely solidified, forming fine Pb-rich precipitates in the matrix.
However, due to the temperature nonuniformity at the fringe areas, the Pb-rich liquid could enter into the gap between the solid Cu and Q235 plate before through the rolling. It was solidified there to form the Pb-rich layer between Cu-Pb-Sn alloy and Q235 during the rolling process. The liquid with lower temperature always contains higher content of Pb, thus the Cu-Pb-Sn/Q235 laminated composite at pouring temperature of 1523 K possessed a thicker Pb-rich layer of 38.3 µm, and the thickness decreased gradually by increasing the pouring temperature.
At 1598 K, the contacting temperature between Cu-Pb-Sn alloy and Q235 increased, the covering Cu-Pb-Sn alloy remained in a semi-solid state at the beginning of rolling. This temperature provided an appropriate condition of the semi-solid region, to effectively keep liquidity and avoid casting defects.
When the pouring temperature was 1598 K, the temperature after passing through the rollers was about 1223 K, indicating that the Cu-Pb-Sn alloy was not solidified completely. At that moment, the monotectic reaction was in progress to form Cu and L 2 . The Pb-rich liquid continually separated from the Cu matrix and outflowed from the interdendritic region to the surface of Cu-Pb-Sn alloy, until the eutectic reaction L 2 →Cu + Pb was completely done at 872 K. It resulted in Pb macro segregation; the composition of Pb on the surface was higher than that inside the Cu-Pb-Sn alloy layer. In this case, it should avoid an exorbitant pouring temperature. Figure 9b shows the influence of the pouring temperature on the distribution of the solid fraction during the rolling fabricating process. The semi-solid region expanded while the pouring temperature increased. In the case of 1573 K, the temperature fell rapidly after contacting with the rollers, the semi-solid region was mainly near the entrance of the rollers. The Cu-Pb-Sn alloy had already solidified during the deformation process, thus the inadequate feeding was caused by the cavity defects at the interface, as shown in Figure 2a . With the pouring temperature increasing to 1598 K and 1623 K, a wider mushy region in the center of Cu-Pb-Sn alloy could be observed. The extension of a semisolid state region is of great importance to the bonding between the Cu-Pb-Sn alloy and Q235. Due to the good fluidity of semi-solid state, casting defects hardly formed at the interface under these conditions.
Conclusions
In the present work, a horizontal semisolid rolling procedure was used to fabricate the Cu-12Pb-2Sn/Q235 steel laminated composite, and was evaluated as a potential method. The results are listed below.
1.
A good bonding between Cu-Pb-Sn alloy and Q235 steel was achieved at the pouring temperature of 1598 K, without casting defects at the interface or excessive deformation of the laminated composite.
2.
The Cu-Pb-Sn alloy and Q235 steel were bonded mainly by the diffusion of Fe into Cu matrix as well as a handful of micron-scale Pb-rich layers, the width of which decreased by increasing the pouring temperature. 3.
The average tensile-shear strength 57.68 MPa was obtained at a pouring temperature of 1598 K, which can fulfill the requirements for further extrusion process. 4.
Finite-element simulation was conducted to analyze the temperature field and solidification process during the semisolid rolling. A wide semi-solid region was observed at 1598 K in the simulation, which provided good fluidity and suppressed the formation of casting defects. 
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